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ABSTRACT
The crystallization process in a zirconia-aluminasilica melt of high viscosity was studied,

A system was

used of the same composition found in commercial electrocast
glass tank refractories.

Artificial nucleation was tried

in an attempt to control the process of crystallization;
the method involved the addition of suitable "seeding”
material.
It was found that introduction of nucleation agents
consisting of the major component oxides of the system
had noted effect upon the course of crystallization.

Pre

ferred orientation normally found in unseeded electrocast
refractories was diminished with the addition of zirconia
grains and amplified with particles of tabular alumina.
Results obtained point to two different courses to be
followed in further investigations depending upon the users
of electrocast refractories.

Melts seeded with zirconia

produced blocks in which partial or complete elimination of
an undesirable shrinkage cavity was attained.

The term block

is used for fusion cast test blocks having dimensions of
12" x 12" x 6"*

These blocks had an increased porosity,

but maintained their structural soundness.

Tabular alumina

was used as a nucleating agent resulting in a block of very
dense structure with a large central shrinkage cavity.

X.
A,

INTRODUCTION

Statement of Problem
Compositions high in aluminas zirconia, and silica have

desirable refractory properties, especially when used in
contact with molten glass and other high melting materials*
These materials are frequently prepared by fusion in an
electric arc and casting in suitable molds*

The crystalline

structure of these materials contributes to their resis
tance to corrosion and erosion by molten glasses*

It is

believed by users of electrocast refractories in the glass
industry that a fine grained, dense structure would be more
serviceable than present large crystalline material found
in the interior portion of fused cast refractories*

Obtain

ing a more uniform crystal size throughout the block, in
place of the present heterogeneous crystalline structure,
along with reduction of the central void is thought to be
most desirable.
B.

Purpose of Investigation
The idea of producing a desirable fine grained tex

ture by the addition of various agents to the molten re
fractory material for the purpose of nucleation and the
causing of many small crystals to grow was carried out.
Certain oxides (and elements) added in varying amounts
for the purpose of initiating crystallization throughout
the melt at a critical temperature was thought to be the
best approach to the problem.

The physical properties of

2

the additions usually closely parallels one of the major
phases of the melt or, in many cases, is identical to a
major phase.
Additions should be in small amounts (IX - 10%, by
weight) so that they remain in a solid form, finely dispersed
in the melt or precipitate out of the melt early in the
process of crystallization.

These precipitates prevent

growth of large crystals by serving as nuclei for many small
crystals.. Methods in which the additions were introduced
into the molten stream and stirred into the melt prior to
solidification were tried.
The approach was that of a preliminary investigation
in which the basic composition of the system was held con
stant, exclusive of the amounts of nucleation agents.

This

allowed observations to be made of the effects of varying
the quantity and particle size of the additive.

It was hoped

that both a macroscopic and microscopic examination of the
effects of seeding would detect any trend occurring from
varying the above mentioned parameters.

As a result of this

preliminary study the course to be followed in further
experimentation, and possibly resulting in a manufacturing
technique, was the ultimate goal.

3

II.
A.

NUCLEATION AND CRYSTALLIZATION OF MELTS

geaarg,! Theory
The nucleation process develops when a new phase or

state appears in an existing phase or state.

In the forma

tion and growth of a new phase there are two steps that
usually occur.

First, the formation of small stable nuclei,

and secondly, growth of these to a size determined by the
attainment of equilibrium.

Either step may limit the rate

of the over-all process to such an extent that equilibrium
is not easily obtainable*

When a new phase is initially

formed, it is unstable due to its high surface area, i.e«,
its high surface area-to-volume ratio.i^
Nucleation may be homogeneous, wherein it takes place
at random within a homogeneous phase.

The appearance of

nuclei in a homogeneous phase is due to fluctuations in com
positions and energies that exist at all times due to the
2
statistical behavior of the atoms comprising the system.
Although there are some atoms in a homogeneous phase having
the right configuration to form a nucleus at a given tempera
ture, a new surface must also be formed in addition to the
new phase.

In heterogeneous reactions there is a reaction

interface between the reacting phases, such as a nucleus
and matrix or crystal and melt.
Three steps must take place chronologically for a reaction
to perpetrate.

3

Initially there must be material transport

4
to the interface followed by a reaction at the phase boundary
and sometimes removal of reaction products from the inter
face.

Finally reactions at the phase boundary liberate or

absorb heat, which cause a rate change of the process due to
boundary temperature change.

The slowest of these three

steps , therefore, determines the overall reaction rate.

There

may be two types of heterogeneous reactions, if we assume
that the maximum rate of one step is much slower than the
others.

One type being controlled by transport rate of

material to the boundary or interface and the other controlled
by the rate of reaction taking place at the boundary.

Both

of these types also involve a number of steps having differ
ent rates.
Homogeneous Nucleation

4

If we consider a phase

as being the stable phase

above a transition temperature and phase

£

as being stable

below this temperature, there may form a small region of
phase

within the homogeneous phase <*< •

The overall change

in free energy can be considered to consist of the formation
of the interface and the change in volume associated with
the phase change
of phase

j3

0

#

if we assume that the new region

is spherical and has a radius r, the free energy

change is given by

V i - 1 ( Fa - f ^ )
where

Y

is the interface energy and (F^ - F^ ) is the free

energy change per unit volume.

The first term is the sur

face free energy and the second term is volume free energy
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which has a negative value*

The melting point of very small

particles is different from macroscopic material due to the
surface free energy*
The free energy is determined by the radius of the
nuclei*

When the nucleus is very small the surface free

energy predominates, as there is a large surface area present*
As the nuclei grow the negative term becomes increasingly
important*

A nucleus of critical radius is present when

the surface and volume free energies are equalized*

The

volume free energy, negative term, predominates for radii
larger than the critical radius, thereby promoting spontan
eous growth of nuclei*

It has been estimated that a nucleus

in the critical size range consists of 50 to 100 molecules*

12 =

- -2

Y

As this is too large to form by a

single fluctuation, it is reasonable to assume that a nucleus
is formed by additions of the molecules one by one*,
Heterogeneous Nucleation
The effect of pre-existing surfaces, such as grain
boundaries and container walls, is to decrease the maximum
free energy by reducing the influence of the interfacial
energy*

This has been thought to be a function of wettability*

The difference in free energy between the new phase and
the old phase, as well as the diffusional activation energy,
remains unchanged*

The essential condition for heterogeneous

nucleation is that the catalyzing surface is wettable by the
new phase ✓/S

in presence of the parent phase

6
A

j3

phase embryo forming on a flat surface with a

-B~

wettability contact angle

requires the following free

energy to form a nucleus of critical size, assuming spherical
shape:
a

F =

7r

r 3

(^ .-h

Q-)( / ~~

^

<3 C/i&-

If -©-is equal to 60° the free energy barrier for
nucleation is approximately only 1/6 of that required for
homogeneous nucleation*

The range of

-&

from 0° to 180°

corresponds to passing from a condition where no critical
energy barrier is required for nucleation to where the
free energy barrier required for nucleation equals that for
homogeneous nucleation* •
The rate of nucleation controls the degree of under
cooling a substance may undergo*

Other factors influenced

are overheating and super saturation*

All these can be found

in a temperature range above and below equilibrium transforma
tion, which represent a me testable state on a phase diagram*
The state of metastability is present as added surface energy
is necessary up to the point where a stable nuclei is formed
that will continue to grow*
In dealing with nucleation from liquid~solid transforma
tion, as compared with vapor, the kinetic theory of gases
can no longer supply the relationships for the movement of
atoms*

However, the

reaction rate can be used to determine

how many atoms move from the liquid phase to the solid phase*
The expression being,

where
motion*

J%.A.L ^
t - j -

Rate of movement *

- Aj=* /k T

is the activation energy for this diffusional

7
The nucleation rate may be expressed in terms of the
two free energy changes involved in the process,
diffusion and

a

^ FA for

F _ for nucleation, or
max

A! =

a

„

' ( a F *

*+F”- * V k T

where the constant A is a function of nucleus shape, the
surface energy, the number of atoms in the surface of a
nucleus, and the number of atoms per volume of the parent
phases*^

Nucleation in melts genersily sets in rapidly and

subsides rather promptly as supercooling increases*

The

growth curve exhibits the same general form but does not
rise as rapidly*

It sustains its maximum value over a longer

supercooling range*

It has been regarded that this general

form is due to the exothermal heat of crystallization.^
The temperature of the interface is raised by evolved heat
causing lower velocities of change than would be realized if
the temperature were uniform throughout •• The outstanding
features of the nucleation process in melts are:
1)

8

Nucleation sets in suddenly as supercooling increases
but soon diminishes as the crystallizing potential in*
creases*

The rather sharp fall in the nucleation fre

quency is due to the progressive accumulation of heat
of crystallization in the case of one-eomponent systems,
and/or exhaustion of the melt in a polycomponent case*
However, these explanations have been disputed*
2)

Results with particular materials are extremely vari
able and depend upon the history and size of the sample*

8
3)

Both dissolved and suspended impurities may exert
tremendous effects by either increasing or decreasing
the nucleation numbers*

4)

At high supercooling the viscous resistance to devel
opment of incipient nuclei may be so great that amor
phous bodies are formed*,

Methods for Determining Rate of Crystallization

9

One must immediately distinguish nucleation rates from
the subsequent growth rate of the nuclei*

The two steps

occur simultaneously; therefore, an intimate knowledge of the
kinetics of these two contributing factors are necessary*,
Tamman* s procedure is the method generally employed for
the determination of nucleation rates on the macroscale*

The

supercooled melt is permitted to nucleate under specific
conditions*

The critical nuclei are developed to a visible

size for countings as they are initially invisible*
Microscopic methods are convenient in the stxudy of nucle
ation and growth*

In measuring growth rates one can focus

attention upon the growing body itself or upon the nutrient
medium when this suffers a change in composition*
Nacken observed that crystals developing from a melt are
polyhedra thereby showing that the rate of growth is anisotropic
in direction*

It also has been observed that the melting point

was maintained at the interface as long as the heat of crys
tallization was greater than the heat loss*

Hemispherical

or similar solids are formed according to the crystal system*
When the heat loss was greater than that evolved, definite
surfaces were formed on rounded solids*

Additional faster-

9
growing faces developed as the relative rate of heat loss
becomes still greater*

Nacken suggested that velocity de

creases at excessive supercoolings due to increasing vis
cosity.

It has been shown that materials which lower the

viscosity of a melt also facilitate crystallization*
B*

Patents
The attempt to control crystallization and eliminate

"pipes** in fusion cast refractory blocks is not a new idea
(a "pipe" being an irregular-shaped, elongated void or
series of voids, see p* 34).

A considerable amount of work

was carried out in this country beginning in the mid 19309s.
A method using a high frequency or other inductively
heated furnace with a carbon crucible or a carbon core in
the form of one or more rods to generate heat entirely with10
in the mass to be fused was employed.
This avoided local
ized heating common to arc furnaces.

The heat is simultan

eously generated throughout thereby obtaining a homogeneous
melt highly fluid from bottom to top.
Preheating interior of molds electrically by inserting
an electrical resistance heater made of siliconized or recrystallized silicon carbide rods within the mold, while the
resistor was supported on the mold cover and introduction of
electrical current through the resistor bringing the tempera
ture up to the desired point.
"The temperature of the mold which has been filled
is maintained by continuing to induce current into
the walls of the mold.
It is, however, allowed
to cool off at such a rate that practically the
entire cast block solidifies simultaneously. In
this way the upper surface of the poured material
is kept sufficiently fluid to prevent serious
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cracking and after the whole block has solidified
it is cooled very gradually so that the temperature
gradient from inside to outside does not exceed
50 C per inch until the temperature is sufficiently
low for the block to be removed from the mold*,,XI
It was found that securing cast blocks free from cracks r e 
quired maintaining as small a temperature gradient as pos
sible from the center to the outside of the cast piece*
Methods involving successive pourings are difficult,
as the time of pouring secondary material is critical*
Pouring too late results in a physically weak casting as
there is failure from additional material not interlocking
with the initial supply*

The riser leading to the casting

proper may freeze up not allowing secondary material to
penetrate into the cavity of the block*
Introduction of the arc in the riser was used to m a i n 
tain a high degree of fluidity of the cast material in the
riser and upper portion of the casting, preventing premature
closing of the gate between the header and the casting*
“As soon as the molten material has solidified
for a short distance inward from the mold faces,
• • • • , we drop into the molten font irregular
lumps of cold material of any convenient shape*
These lumps may be made from headers from previous
castings uor from any other sources* While in
general we prefer that they ^should be of the same
composition as the casting itself, it is permissible
to use lumps of other highly refractory materials
which do not react chemically with the melt which
is being cast*
These lumps which are in general
cold and hence of greater dehsity than the molten
material, tend to sink promptly through the molten
material until they come to rest in contact with
the outer solidified shell of the casting*^ 1
The gradual addition of lumps at specified intervals allowed
sufficient heating of their outer surface integrally with

11
the matrix.

Addition of lumps was continued until casting

was no longer fluid.

The resulting block had an outer shell

of coarsely crystalline, highly oriented material whereas
inside the crystals were found radiating out for an inch or
more from the inserted lumps,

The product was a block of

high mechanical strength with superior slag resisting qual
ities associated with oriented crystals,
A method of casting and solidifying a refractory block

from molten material, which results in forming a cavity
completely enclosed in a block, was accomplished by turning
the block around a horizontal axis during the period of its
setting,
"The mold of well known construction is enclosed
in a metal flask, the mold having a top plate
with a font thereon* After the mold is filled
with molten material the top plate and the font
are removed and replaced by a refractory slab,
and a cover is clamped thereon with a layer of
insulation interposed between them. Upon removing
the stand from beneath the flask the wheels may
be rolled along a suitable track. The motion
around this axis may be and preferably is slow
to permit the molten material to be spread over
all the sides of the mold by the movement of the
box and to solidify thereon and without-washing
the solidified material out of place,1*13
Cavities formed under the font in spite of the use of
large capacity font molds have been sealed against the en
trance of fluxing material into the interior of the block
from material being melted in a furnace.
HX have discovered that these cavities may be
sealed against entrance of fluxing material by
packing them prior to the complete solidification
of the block with refractory grains having such
a composition that they sinter at a temperature
lower than the melting point of the cast material
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and insulating the packed block, whereupon the
residual heat in the block will sinter the grain
material.”
A method of making solid cast refractories, which in
cludes pouring molten material into a mold provided with a
gate through a font of volume insufficient to prevent pipe
formation, involves breaking away the font shell formed
at the completion of being drained of molten material fol
lowed by protecting the space which was below the gate with
a heat conserving cover during a greater part of the solidi15
fication in which the pipe is forming*
From time to time
the cover is removed to allow punching through the septa
being formed in the pipe with an iron bar*

After the septa

has been punched through additional molten material is poured
into the pipe*
It has been found that particular modifying ingredients
within prescribed percentage ranges is highly critical to
the provision of a satisfactory cast alumina article.***
Omission of calcium oxide, for example, causes the resulting
cast article to shrink excessively upon cooling so as to
develop large central shrinkage cavities, whereas the presence
of an excess of the same alkaline earth oxide over and above
the amount specified (3%~6%% by weight of the mass, and con
stituting at least 2/3 off the combined percentage of modify
ing oxides) causes the resulting refractory to crack or
develop lines of weakness during, the cooling of the article.”
(Note:

deals with 92.5% by weight white alumina ore.)

A technique has been developed for distributing a pipe
or large central void into a multiplicity of minute pores of
no serious consequence by adding appropriate gasifiers to

13
i?
the liquid being cast*

Granular solids are slowly poured

on the surface of the molten refractory stream throughout
the casting interval*

Successful dispersion of the pipe

requires that gassing occurs throughout the casting liquid
and persist long enough for all the liquid to freeze, m e a n 
while maintaining closed pore porosity*

Gasifiers are added

in the form of granular solids, which, under the influence of
high heat of molten refractory, generates a gas by deccmposi
tion or volatization*

The gassing occurs'

throughout the

casting liquid and persisted long enough to maintain closed
pore porosity in all parts*

The problem arising with this

method was to determine if enough
a rapid enough rate*

gasifier was added and at

As the pipe dispersal can not be deter

mined by external appearance, this is a serious drawback of
the technique*
A n improvement followed up the above technique*
11 It has been found that excellent pipe distri
bution can be obtained in relatively deep molds
if the gasifier is placed in kraft paper envel
opes attached to the interior face of the top
of the mold and the mold is cast rapidly*
In a
rapid pour an inch of metal may form in the bottom
of even a large mold within 5 seconds and appar
ently kraft paper will hold the gasifier long
enough for at least a thin layer of metal to
cover the bottom of the mold before the gasifier
is released*
In the case of molds from sand
bonded with organic binders, the combustion of
such binders almost immediately exhausts the
oxygen of the air within the mold and this may
be the secret of the delayed release of the gas
ifier *"lb

The delay allows an initial layer of refractory material
to form on the mold surface*

The remaining liquid thereby
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insulated from the mold freezes or crystallizes at a slower
rate and is less likely to trap undispersed gasifier*

An

attempt was made where the gasifier was spread over the
bottom but was unsuccessful as part of the gasifier was
enmeshed in the freezing skin*
C.

The

Sy stem

The component binary systems of the A^Os-SiC^-ZrC^
ternary system have been studied*

Results of the study of
*2 8 1 0 2 ) was

the Al^O^-SliC^ system was that mullite
the only compound formed*

Greig and Bowen determined that

it melted inccngruently at 1810 C*

Totopov and Galakhov,

upon re-examination of the

system above 40% Al^O^,

found that mullite melts congruently*

20

They also found the

eutectic (1850°C) at a composition of 22*5%
Si02*

anc* ?7*5%

Later data gave a melting temperature of mullite at

1900°C and a eutectic at 1870°C*?*

A recent study of the

binary system confirms the previous congruent melting at
X850°Co^

This study also reveals that the mullite struc

ture has a solid solution range from 60 mole %

to

about 63 mole % A l ?0 ^ (67 mole %) for stable (metastable)
equilibrium*

The eutectic temperature of the ZiK^-SiO^

system is 1675°C being found near 3 mole % ZrC^*

The neso-

silicate zircon dissociates into monoclinic ZrC^ and s ^ ° 2
at approximately 1540°C and has an incongruent melting point
at 1 7 7 5 ° C * ^

Vartenburg and Reush working with the ZxO^ ^ 2 ° 3

system found that mixtures of 40 mole % ZrC>2 and 60 mole %
o 24
A I 2 O 3 have a minimum melting temperature near 1900 C*

15

System

AI2O 3' S i0 2 “Zr02
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In consideration of the ternary system on the previous
page baddeleyite (ZrO2) becomes the primary crystalline
phase, when the ZrO2 content exceeds 35% in an area bordering mullite.

The quintuple point, where all 3 components

of the system crystallise simultaneously, occurs at about
1800°C corresponding to the approximate relationship of
53 weight % A l 2O 3 , 17 weight % SiO2 and 3 weight % ZrO2
(the precision is within ± 2 .5%).25
The phases appearing in the Al2 03 -S iO2-ZrO2 system
will now be considered*

The phases have been represented

throughout the literature by both their mineral and chemical compound classification.

Further discussion will empha-

size the classification found most prevalent in the current
literature.

Corundum ( α - alum ina o x id e )
Corundum crystallizes in the scalenohedral class of
the Hexagonal-Rhombohedral system.

Crystal habit is usually

prismatic or hexagonal pyramids.26

The characteristic

feature of corundum under the microscope in transmitted
light is the combination of very high relief with weak birefringence (0.008).

(See Appendix, Table 6 . )

Alumina, in α -Al^O^ with a valence of 3, has a pre
ferred coordination number of 6 .

This gives a bond strength

q«_
of

requiring 4 AlJ

adjacent to each Q

o
*

Hexagonal close

packing of the oxygen ions with alumina ions filling twothirds of the octahedral sites allows the structure to have
both geometrical stability and electrical neutrality, where
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during the stacking of similar layers maximum spacing of
the Al

ions is obtained*

The structure compares to a

deformed halite structure in which the two different atoms
are replaced by enantiomorphous

groups*

28

Zirconia (zirconium dioxide)
Zirconia, known as the mineral baddeleyite, commonly
crystallizes as tabular shaped crystals in the monoclinic
system*

It is colorless to black in thin section and has

a rather strong birefringence*

29

Zirconia is one of the

most refractory oxides as it has a melting point of 2715°C*
It also has a high degree of corrosion resistance*

Upon

heating, zirconia inverts from a monoclinic to a tetra
gonal crystalline form at about 1000°C, which inversion is
accompanied by a considerable decrease in volume*

However,

by the addition of certain oxides zirconia can be stabilized
in cubic form free from inversion*

30

The zirconium cation (Zr^*) has a cation to oxygen
radius ratio of 0*66 which falls on the borderline between
6-fold and 8-fold coordination*

Above 1000°C, the tetra

gonal structure is present as the zirconium ion doesn't
31
increase in size proportionally with the oxygen anion*
Consequently the octahedral coordination is the stable con
figuration*
Upon cooling the phase transformation from tetragonal
to monoclinic takes place through an atomic shear mechanism*
This cannot be suppressed even if the rate of cooling is
as high as 1500°C per second.32

Geller and Yavorsky agreed
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upon these findings and also indicated that in this transformation a large density change occurred with rapid contracQO
tion (upon heating) and expansion.
This monoclinic form
has a distorted fluorite structure,
Zirconia can form cubic crystalline solutions with
addition of ceria, urania and thoria.

All three of these

refractory oxides have a crystal structure of the calcium
Q/
fluoride type.
Other oxide additions stabilizing zirconia
in cubic form are CaO and MgO,

35

However, several of the

cubic zirconia solid solutions, which exist over a certain
range of compositions at high temperatures, decompose after
prolonged heating at lower temperatures.

This phenomena

has been found in the systems zirconia-magnesia and zirconia36
ceria.
It has been observed that on adding between 15
and 20 mole % CeC^, a stable tetragonal modification of
zirconia was obtained and the explanation offered is that
the tetragonal-monoclinic transformation temperature is
37
below room temperature,
A small amount of inversion in an incompletely stabi
lized zirconia body has been shown to reduce the over-all
38
thermal expansion giving better thermal shock resistance •
Crystalline composition can be determined quantitatively
by X-ray diffraction using copper radiation.

By scanning

with a Geiger-Mttller Counter this can be done quickly for
the angle from 27° to 33° contains the most intense diffraction lines of both the cubic and monoclinic modifications.
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Hullite (3Al203*2Si02)
Mullite will be considered only briefly as it is almost
entirely absent from the writer's experimental systems*
This was determined by running an X-Ray diffraction pattern
for each core*

It is predominately found in synthetic

A l 203-£i02 systems but has a natural occurrence on the Island
of Mull, Scotland*^

Its optical properties are somewhat

similar to corundum but may be distinguished by its lower
relief (see Appendix, Table 5)*
Silica (Si02)
The silica forms as cristobalite at 1713°C in the
Zr02-Si(>2 system*

The solid solubility of Si02 in Zr02

41
has been determined to be about 10% (by weight) or less *
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TABLE

1

Raw Material for Fusion Cast Tests

Alumina (tabular)
Zircon
Zirconia (Q-5)
Soda Ash
Borax, Anhydrous

Alumina
Zircon
Zirconia
Soda Ash
An* Borax

wt.%
50
41
6
2*25
0.5
99*75%

Chemical Analysis of Raw Materials
in Terms of Component Oxides (Wt.%)
Si02
Zr02
A1203 Fe2°3 L01*
"*j°
0.44
99*28
0.04 0.22
0.02
31.28 68*63
0.07 0.02
5.09 94.70
0.21
58
•
42
•
•
•
m
30.8
*Loss on ignition

Raw Materials for Fusion Cast Tests
in Terms of Major Component Oxides

Alumina (Al20^)
Zirconia (Zr02)
Silica (Si02)

Wt.%
50
33.7
97%

B2°3
69.20
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III.
A,

EXPERIMENTAL

Plan of Experimentation
The proposed approach to the reduction and increased

homogeneity of crystal size was to heterogeneously nucleate
(hereafter called "seeding”) with one of the major compon
ents of the system*

The proposal was to add fine grained
✓
material to promote the formation of many incipient nuclei*
It was hoped that this would promote formation of many
small crystals along with preventing growth of larger ones*
The method was to introduce the seeding material into the
stream during pouring and also into the riser after pouring*
Additions were made by varying both amount and particle size*
The raw material components were kept at a constant
compositional ratio during the course of the experimenta
tion (see Table 1)*

This allowed examination of both quali

tative and quantitative effects of seeding*
The composition of the system was chosen that permitted
a glassy phase to form*

It was desired that a smooth face

be retained on the surface of the block after casting, there
by increasing resistance to mechanical erosion, the erosion
being caused primarily by convection currents of molten glass
present in the glass tank*

The glass also serves as a strong

binding agent for the crystalline phases*

In order to keep

this smooth face the glassy phase was retained*
B*

Materials
The properties of the raw materials not previously con

sidered in the system A^O^-SiC^-ZrC^ will be discussed in
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this section; this includes zircon, soda ash and anhydrous
borax.

All materials were obtained from supplies of the

Walsh Refractories Corporation of St. Louis, Missouri.
Zircon (ZrSiO,)
Pure zircon carries 67.2% zirconium oxide and 32.8%
silica.

Zirconium (Zr^+ ), being a tetravalent cation (ionic

radius = 0.79A°), has a coordination number of eight with
oxygen.

The eight oxygen atoms lie at two differing dis

tances from each zirconium atom; 4 at 2.05A° and 4 at 2.41A°.^
The silicate structure consists of independent (SiO^)^“
tetrahedra linked only through the zirconium ions.

At high

temperatures, zircon shows a distinct dissociation into
two parts: ZrO^ and Sii^, justifying the formula to be
written ZrC^'SiC^*

This is shown in the phase diagram for

the system SiC^-ZrC^ referred to in a previous discussion
(see page 14).
Dias pore (HAlC^)
Diaspore is an oxy-hydroxide being intermediate between
the type M(OH)^ and the fully dehydrated oxide M 2O3.

Alum

inum atoms lying between six oxygen atoms with every oxygen
touching three cations form the structure.

This is based

on a hexagonal close-packing of oxygen atoms.

The hydrogen

atom functions as a small cation with planar configuration
between two oxygens thereby retaining electrical neutrality.
In this manner both trivalent aluminum and hydrogen donate
a half valency.

To prevent expansion, and possible explo

sive action during the fusion operation, the hydroxyl must

43
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be removed*

This is done by calcining the diaspore and,

as a result, obtaining tabular oc-alumina*
Soda Ash tNa^CO^) and Anhydrous Borax (Na2B^Oy)
Soda Ash, the commercial product of manufacturing
Na2C0 ^ by using NaCl as a starting material, is used for
its Na20 content*

The CO2 is lost on ignition*

The func

tion of the Na2^ is to form nonbridging oxygens which
breaks up the 3-dimensional structure of the glassy phase*
However, the first addition of an alkali to

does not

form non-bridging oxygens, but forms BO^ tetrahedra*

How

ever, since the quantity of B 202 is small in relation to
the Na20 (see Table 1), this will be a secondary effect*
The additions of Na20 to pure Si02 increase the thermal
44
expansion coefficient*
The combined effect of the Na20
and B 20 g is to decrease the viscosity giving better crystallizatiog properties to the melt*
C*

Procedure

Arc-Type Furnace
The first step in making fusion cast test blocks is
the weighing out of calculated weight percentages of A ^ O ^ ,
ZrSiO^, Zr02 , N a ^ O ^ and %2°39
mixed into required amounts*

The system is thoroughly

The method of melting employs

the use of a consumable electrode, arc-type furnace*,(see
Fig* 2)*

Consumable graphite electrodes are highly effi

cient because a large part of the heat generated at the
45
electrode and in the arc plasma is used for melting*
Cooling water is allowed to run over the outside of the
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crucible shell during, and for some time after, the melting
operation*
In preparing the furnace for operation, the bottom
is built up with calcined alumina*

About 125 lbs* of the

batch to be melted is spread evenly over the entire alumina
surface*

The graphite electrodes are lowered into the

mixture and are bridged with a graphite bar at the surface*
The direct current arc produced through the consumable
electrodes is pictured as moving rapidly over the bottom
surface of the electrode, jumping randomly from one point
of drop formation to another*

In this way a constant elec-

trode-to-pool distance is maintained and consequently the
surfaces of the bottom of the electrode and molten pool are
roughly parallel*^
The furnace is fed with the remaining mixture of 675
lbs* at a constant rate of about 4*5 lbs* per minute, until
the crucible is filled with molten material*

The melt is

fused for one-half hour after final addition is made*

The

complete operation is normally carried out at a constant
kilowattage and voltage requiring 3%-4 hours for completion*

S & g s i glssfes
The molten material obtained from the 800 lb* mixture
allows three blocks to be poured, each being 12M x 12” x 6”*
The molds used to cast the molten material are formed of
compressed sand with an organic binder*

The graphite riser

and top section of the mold are removed when the external
surfaces of the block solidify after pouring*

Insulating

gravel is poured over the entire block and ”annealing” is

Fi q u r c. 2 .

Arc, - fy pc

furnace at

W
alsh Re. f r a d o r i e s

E xp erim en tal

L ab o r a i o r y
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allowed for 5-6 days.

This allows the blocks to reach

room temperature without serious physical effects such as
cracking or fissuring.

The resulting cast blocks had a

range in density from 200-215 lbs./cu.

ft.

Seeding
The seeding operation involved the addition of nucleation agents into the melt during or after pouring.

Addi

tions were of the same composition as the major phases
crystallising in the fusion-cast blocks.

Table 2 shows

that the seeding material was varied in amount and particle
siase«

The material was obtained from the supply used for

the original mixture.

This allows selective use of the raw

material with the remaining going into the batch for the
fusion process.

The desired particle size was obtained

through a screening operation by a Sweco Separator.

A

65-mesh screen (0.0083) was placed o ver a 325-mesh screen
(0.0017^ to obtain seeding material for fusion test series
1 and 2.

A n approximation of the particle size distribu

tion was run by passing the minus 65-plus 325 mesh material
through Tyler screens set at 30-50 m e s h intervals from about
80 mesh to 220 mesh.

A considerable portion of the material

was retained upon the 120-mesh screen.

This material was

used for fusion-cast test blocks of series 1 and 2.

The

same procedure was followed for screening of tabular aluminum
used in series 3, but material was taken from a 35-65 mesh
range.

The screening of zirconia for series 4 and 5 made

use of 50 mesh over 2 0 0 mesh screens with the average par
ticle size approximated to be in the 1 0 0 - 1 2 0 m e s h range
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(•0083"-.0035").
The seeding material was introduced into the stream
during pouring from a short graphite tube taped to a tubu
lar cardboard extension.

A Dixie cup was slipped over the

open end of the graphite tube until the bottom of the cup
made contact with the edge of the tube.
in place.

It was then taped

The seeding material within desired "mesh range"

was poured into the opposing open cardboard end.

During

the pouring of the melt into the mold the graphite tube
containing the seeding material was held over the edge of
the riser at a slight inclination.

Radiation from the m o l t 

en stream burned through the Dixie cup allowing the pouring
of the seeding material into the stream.

The inclination

of the tube was adjusted throughout the remaining period
of casting, usually 1 - 2 minutes, allowing an even flow of
seeding material to enter the mold.

The operation was c o 

ordinated to exhaust all material from the tube by the time
the molten material had filled the mold and half of the
graphite riser.

No agitation was present after pouring,

unless designated in Table 3, except for the occasional
breaking of the crust solidifying across the riser.

These

shelf-like layers drop in the melt, as may be seen in Fig. 8
(p. 45 ), coming to rest toward the bottom of the block.

This is necessary, however, to permit any entrapped gases
to escape.
Coring and Sampling
The blocks were cleaned and cores were drilled normal
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to the bottom face*

A permanent mounted diamond drill

with bits ranging from 3/8” dia* to 3/4” dia* was used,
depending on the driller, which allowed samples for a 1”
polished section mounting apparatus*

After coring the blocks

were examined macroscopically by breaking apart with a sledge
hammer*

The work up to this point was undertaken in the

experimental laboratory of the Walsh Refractory Research
Department*

The subsequent part of the investigation was

performed in the Ceramic Engineering Laboratories at the
Missouri School of Mines and Metallurgy*
Polished sections were made from the cores at equal inter
vals and designated by the letters A through E in series
1-3 or A through C in series 4 and 5.

The letters A and E

(or C) correspond to samples taken from the upper and bottom
section of the cored blocks, respectively*

The location

of the samples may be seen in the diagram (Figure 3>*

The

6” cores taken from the corner of the blocks (series 1-3)
were cut allowing polished specimens to be made at 3 equal
intervals*

The 6” cores taken from the blocks (series 4

and 5) were taken normal to the service face at 1/6 and 1/3
the distance of the surface diagonal*
latter series were taken at

Samples for this

(C), 3” (B) and 4%” (A)

inward from the bottom face of the cast block*

PrepamtaR

?gli§fr£sl §,p.sskpsftg.

After initially grinding the surface to be polished
with loose 240 SiC grit on a metal lap, the samples were
mounted in bake 1 ite at 120° C and 2000 psi*

Further grind-
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ing and polishing was performed with a Buehler Automet
Polisher*

R* L. Anderson has a good discussion of the Auto

met and other automatic polishing techniques in the ASTM
Special Technical Publication No* 2 8 5 * ^
Polishing^ Schedule
The polishing schedule used in this study varied ac
cording to the degree of scratching found on the surface
of the specimen*

The general schedule which follows was

found sufficient to bring out phases for point count iden
tification along with a suitable etch*
Paper

Time

Pressure

240 grit

3 min*

moderate

320 grit,

8-10 min*

mod-high

400 grit

7-8 min*

mod-high

600 gr*it

7-8 min*

mod-high

and 5

Further polishing with 1 5 ^

m

diamond paste is nec

essary for photomicrography*
The polishing was carried out at high rpm as the mater
ial was hard and relatively free from plucking which often
occurs at this rpm in softer metal specimens*

gJLg&kBK
The etch used was a combination of 2 parts water,
2 parts concentrated hydrofluoric acid and 1 part concen
trated sulfuric acid*

The polished sections were dipped

into the solution for 3-5 seconds and immediately washed
under a tap water faucet*

This provided enough time for

the etching agent to attack the glassy phase, thereby giving
a sharp contrast between it and the crystalline phases*
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Point Count Method
The composition of the casting expressed in relative
amounts of phases actually present is called a mode.

A

modal analysis is the procedure and statement yielding
the results.

The question of whether modal analysis is

theoretically sound is entirely a matter of geometrical
probability.

Consider a small irregular area (c) enclosed

in a large irregular area (c + m),.

The probability of a

point located simple at random in (c + m) will also lie in
c is, by definition
A (c)
A (c+mV
the ratio of the 2 areas.
The requirement for estimating areas by points requires
a symmetrical, but not necessarily isotropic, point grid.
The difficulty of collecting simple random samples usually
necessitates the modal analyses to be made in a systematic
manner.

Selection of points is made at the intersections

of a symmetrical grid over the surface of the polished sec
tion, the first point fixing the location of all the others.
The equivalence of areal proportions to volumetric propor49
rions was suspectedand announced by Delesse in 1848.
The mistakes of modal analyses consist almost entirely
of misidentification except for major mistakes such as
errors in recording or unintentional repetition of traverse
lines.
The probable error (£) of determination of the point
count method is governed by the number of points (n) taken
and the percentage of the constituent contained in the
material

32
material«
e

= o*67

e*g*i with 50% of component and taking 1000 counts, the
probable error is about
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IV.

RESULTS AND DISCUSSION

A. Discussion of Crystallization
The fusion-cast test blocks were cast from a melt of
the same composition as commercial glass tank blocks*
composition being 50% A ^ O ^ , 34% ZrC^,

the

SiC^. ,

According to the invariant (quintuple) point, a mixture
containing A ^ O ^ - 53%, SiO^ ~ *^%, and ZrC2 ” 30% will
take on the optimum character of crystallization that is
natural to eutectic mixtures.

It might be expected, under

equilibrium conditions, that zirconia would crystallize
out for a short temperature range directly to the eutectic
after which there would be simultaneous crystallization of
zirconia, corundum and mullite (see Fig. 1, p. 15).
It is observed in fusion-cast refractories that solid
ification takes place when a liquid is brought into contact
with a low temperature mold.

Solidification begins at the

mold wall and continues through the body of the liquid.
The high viscosity of the melt causes the driving force
for both nucleation and crystal growth to be low.

Due to

high viscosity the melt has a correspondingly low rate of
diffusion.

As both nucleation and grain growth rates are

low the liquids can be supercooled without crystallization
taking place.

This is shown by the presence of metastable

primary corundum rather than the stable equilibrium primary
zirconia.
Nucleation is rapid at the wall of the mold and there
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is formation of a large number of crystals of different
orientation.

As the thermal gradient increases in the block,

during the course of crystallization, crystals align them
selves in their fastest growing direction forming a colum
nar structure normal to the mold face.

Generally, there is

107o to 25% volume decrease between initial liquid and final
solidified product with formation of "pipe” or shrinkage
cavity.
Microscopic examination shows that the system was not
in equilibrium during its crystallization period.

Micro

scopic observations noted that zirconia and corundum formed
primary phases.

However, the major occurrence was secondary

corundum which formed graphic type structural growth of
devitrified glass and zirconia.

It is noted that zirconia

has a linear pattern both in its primary and secondary
occurrence.

The linear feature in its secondary growth

with corundum gives the appearance that zirconia is crystal
lizing along the crystallographic planes of the corundum
faces»(see Fig. 4).
As previously mentioned zirconia should be the primary
phase for the composition of the experimental system.

How

ever, due to the rapid chilling, at the outer edges there
occurs a segregation banding of the glassy phase and large
tabular corundum.

The corundum crystals are approximately

three times the width of the glassy phase.

This is also

noticed in point counts (see Table 3) of the upper (A)
and lower (£) taken from the test cast blocks of series 1

35

Figure 4.

Photomicrograph showing white zir

conia in high relief, corundum as light groy rhombohedral-shpaed crystals and dark gray glassy silica
matrix.

Specimen taken near central region of block,

(x 215 in reflected light)
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where a crystalline-to-glassy ratio of 3:1 is noticed (see
Fig. 5)., The corundum is noted forming "thatches” of crys
tal groups, each group containing parallel crystals, but
groups generally forming at approximately 30°-60° with each
other.

The corundum crystals in the margins of the blocks

enclose anhedral crystals of zirconia and devitrified glass
giving a eutectic-like growth pattern.

The very samll zir

conia inclusions are seen clearly only at very high magni
fication.

This makes it difficult to count as a separate

phase under magnification used in the point count method.
Buckley, quoting Hallimond, discusses the relation of
graphic structure to eutectics, eutectoids, etc., in alloys
52
and silicates,
”One of the most characteristic is that termed
'graphic1 in which simultaneous crystallization has
resulted in interlocked or fretted outlines. The
term 'eutectic' has often been applicable to this
structure, especially by metallographers, since,
in binary systems, it is ^characteristic of mixtures
of minimum freezing point from which alone the con
tinuous deposition of both phases can occur. The
name, however, is properly applied to such mixtures
and not their structures which only become graphic
under certain conditions more frequently attained
with metallic melts than with silicates. In ternary
systems, the binary eutectics vary continuously in
composition and no longer freeze at constant tempera
ture but they may still, in favourable circumstances
assume the graphic structure and it is necessary to
guard against the assumption, that the graphic areas
are the last tp freeze."
In a very viscous melt, entrapment of primary zir
conia and glassy material in the corundum c r y s t a l s m a y
well be the case*
Another case to be considered is the boundary eutectic
crystall&zatlfm/

The possibility of the shift of the boundary
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Figure 5*

Photomicrograph showing glassy matrix

(gray) enclosing rhombohedral corundum plates with
intergrowth of zirconia (white) and devitrite (dark)*
(x 215 in reflected light)
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line between zirconia and corundum may result in simul
taneous crystallization of the two phases.

This would re

present a metastable boundary eutectic shown on a conven
tional equilibrium diagram.

Also crystallization of pri

mary corundum by metastable (supersaturation) extension of
the corundum field beneath the Zr02 field M a y account for
the entrapped ZrC^ blebs in the large, tabular corundum
plates.

This would be suggested from only a slight tem

perature difference between the two liquidus surfaces.
The rate of isothermal crystal growth is rapid when
the liquid is supercooled before nucleation of the solid
phase.

As heat diffuses away from the interface solidifi

cation occurs most rapidly for a small radius of curvature
interface.

This permits dendritic growth with a dendritic

spike advancing at a rapid rate.

Side dendrites may form

when thermal conditions along the side of the initial dendrite are such that growth can take place.
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Metals crystallizing from the molten state commonly
have a dendritic growth pattern, but the final crystalline
mass retains little appearance due to a filling-in process.
The filling-in process develops after branching ceases and
the pattern becomes filled in with crystalline material.
A partly obliterated dendrite is seen in Fig. 6 , in which
the area between the primary branches off the main stem
have been filled.
Although many theories have been proposed to account
for dendritic growth, none, so far, are completely accept-
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Figure 6 *

Photomicrograph showing partially

obliterated dendritic growth pattern of primary baddeleyite (white) surrounded by light-gray corundum
and dark-gray silicate glass*
light)

(x 215 in reflected

40
able.

It is noted, however, that dendritic formation is

favored by substances which have high latent heats of crys
tallization and low thermal conductivities,^*
It was noted from point counting that the continuous
glassy phase decreases toward the center.

Both the

and N a 2 0 go into the glassy phase during solidification.
The remaining silicate melt becomes increasingly viscous
upon cooling.

However, devitrification products are found

in the glassy phase toward the center of the block as seen
in Figure 7,

The lace-like dendrites and the rhombus-shaped

outlines are only frequently found in polished specimens
toward the center of

block.

Although there is a large volume expansion upon cooling
for zirconia at 1000°C, the total contraction of the
and Zr02 phases below 1000°C is quite similar.

It is be

lieved that the structural rearrangement of the glassy phase
adjusts for the volume change occurring in zirconia as there
is no evidence of microcracking around the primary occurrence
of the phase.

The total expansion between 20° and 1000°C in

parts per 10,000 for ^ - A ^ O ^

is 59 and for Z r O ^ parallel

to the principal axis is 56, and perpendicular to the princi
pal axis, 89,

It is noted that these two phases are nearly

alike on this property giving the block its good spalling
properties.

The spalling property, with other things being

equal, is proportional to the expansion.

Another factor

affecting spalling property is thermal conductivity, aggre
gate

o C-A120 3

at 500°C having 82(x 10*) compared with zir-
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Figure 7.

Photomicrograph showing large rhombo-

hedral corundum crystals in high relief, white Zr0 2
blebs and dendritic structure of crystallites*
(x 430 in reflected light)
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conia with 42(x 10^).^

The above data points to the com

patibility that structural intergrowth of zirconia and cor
undum would have upon boundary or binary crystallization,
from a melt rich in zirconia and alumina.
B. Effects of Seeding
The first series of fusion-cast test blocks included
two that were seeded with ZrC^ and one to be used as a stan
dard.

The standard was used for relative comparison of the

effects of seeding the remaining blocks.

It was noted that

only part of the 3 lbs. addition (FC1-2) dispersed through
out the melt with the remaining occupying small cavities.
It was noted upon drilling the cores, and afterward during
breaking of the blocks, the material poured out of the cav
ities in unaltered form.

The result obtained, apparently

by over-seeding, was confirmed in fusion-cast series 4 in
which 3, 4, and 5 lbs. additions of slightly different par
ticle size distribution was used.

In fusion-cast test

blocks of series 2, a slightly different approach was tried
/

In FC2-2 and FC2-3 the seeding material was introduced into
the riser after initial pouring.

The melt was stirred dur

ing the addition in attempt to obtain a better dispersal of
the seeding material.

In FC2-1 a total of 1 lb. of Zr02

was placed in 3 small diameter pyrex glass tubes sealed at
one end.

The tubes were plunged into the riser 3 minutes

after pouring.

Later examination of the blocks showed com

plete dissolution of the rigid glass containers.

It is be

lieved from observing the central region of the solidified
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TABLE

2

nucleating Agents for Fusion Cast Test Blocks

Addition

Test Cast
Series No.

2

Zr02
n

3

«i

1
FC-1

1
FC-2

2

Zr02
M

3

It

1
FC-3

2
3
1

FC-4

FC-5

Composition

2

Introduction

Amount
(lbs.)

Mesh size®

...(in stream or
after pouring)

2

-65 + 325
n ;

stream
n

H

None

1

n

After 3 min.A

i%
2

it

After 6-8 min*

it

After 3-6 min.B

3
1

35-65

tab.Al20^
n
-r
n

zrc2
It

3
None

2
4

V
w

3

-50 * 200
H
n

3

M

5

1

1

2

ZrO^
it

3

K

2

2

--ti,
n
-200

A

ZrC> 2 contained in 3 pyrex glass tubes

B

Stirred briefly

C

See Appendix, Table 6

stream
After 11 min.B
stream
n f
«•
N
II
M
H
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block that the material was fairly well dispersed*

General

results of this series were elimination of preferred orien
tation and reduction of the size of the central cavity*
FC2-1 was a fairly uniform block throughout comparable to
the standard*

It gave an outward appearance of fairly uniform

crystal size (see Fig* 9)*

Later microscopic examination

showed no corundum crystals larger than 0*24 m m with an
average of 0*15 mm*

Zirconia blebs were fairly constant

in all blocks examined being approximately *03 mm, in longest
dimension*

Orientation of crystals was limited to the chill

zone which occurred inward for 1/2" from the sides of the
block*
FC2-3, in which 2 lbs* of ZrOj were added and stirred
fdr a n interval of 3-6 minutes after casting, resulted in
complete elimination of the void*

However, several large

pores (max* dia* - 1 mm) were along with a generally homo-*
geneous induced porosity (see Fig* 10)*

This type of block

is preferred by French electrocast refractory u s e r s * ^
Tabular alumina was used as seeding material in fusioncast blocks of series 3*

A very heterogeneous structure of

large, highly oriented crystals were found in blocks of this
series (see Fig* 11)*

The additions of o C - A ^ O g seemed to

have the affect of producing a more densely-appearing block*
However, the addition of 1 lb* of A ^ O ^ eleven minutes after
casting accompanied by brief stirring resulted in a block
with a granular central area*

The increased viscosity of

the melt due to cooling off was believed to have prevented
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Figure 8.

FC1-3, standard casting (not seeded)

showing removal of central core.

Another quarter por

tion of same block at left showing dense outer margin
of casting.

Note preferred orientation near top of block.

Figure 9.

FC2-1, showing partial elimination

of shrinkage cavity.
induced by seeding.

Note granular central region
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Figure 10.

FC2-3, showing elimination of shrink

age cavity at the expense of increased porosity (bot
tom mold face of block is upward).

Figure 11•

FC3-3, dense outer solidified margin

leading inward to large, highly oriented crystals
surrounding a large shrinkage cavity.
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good dispersal of the seeding material*

As previously m e n 

tioned blocks of series 4 (see Table 2) were seeded to sub
stantiate early beliefs that excessive seeding material was
detrimental to the overall structure of fusion cast blocks,
A problem encountered was to differentiate between exces
sive seeding material and a too early introduction of mater
ial into the stream.

It was noted that if seeding material

was introduced simultaneously with initial pouring, the
"seeds'1 would be frozen in an unaltered condition in the
chill zone.
face.

This gave the block a friable, granular bottom

This was prevented by a slight hesitation before

the additive was poured in the molten stream.

It was found,

however, that with additions of 3 lbs, or greater, ZrC^ was
contained in cavities in its unaltered form.

Microscopic

examination showed clusters of essentially unaltered "seeds"
in a glassy matrix (see Fig, 12),
"The formation of crystal clusters, aggregates
or conglomerates which possess no symmetrical proper
ties is probably more frequently encountered in largescale crystallization than the formation of twins.
Relatively little is known about the growth of these
irregular crystal masses, but among the factors which
favour their formation are poor agitation, the presence
of certain impurities in the crystallizing solution,
seeding at high degrees of supersaturation, and the
presence of too many seed crystals, leading to condi
tions of overcrowding in the crystallizer,"5'
The above mentioned features are seen in Figures 12 and 13,
For test cast blocks of series 5, seeding material was
decreased in amount and particle size,

FC5-1 and FC5-2 were

seeded during the pouring operation with minus 30-plus 200
mesh Zr02*

Both of these blocks were fairly dense with
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Figure 12*

Photomicrograph of Zr02 cluster sur

rounded by glass and corundum crystals in which are
inclusions of Z r 0 2 and glass (x 215 in reflected light).
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Figure 13*

Photomicrograph of fused-cast refrac

tory showing aggregate structure of baddeleyite (white)
and light gray mottled corundum•
constituent is silicate glass*
light)

The darkest gray
(x 215 in reflected
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satisfactory external appearance*

A porous, granular t e x 

ture was encountered l%M -2" above the bottom face in both
blocks*

In FC5-3, 2 lbs* of ZrC^ passed through a 200

mesh sieve (0*0029n ) was introduced into the stream*
3*6% (by weight) passed through a 325 mesh screen*

Only
A block

resulted in which preferred orientation was eliminated and
the "pipe11 was limited in lateral extent*

The pipe was not

encountered in the middle core (see Fig* 3, p* 25)*
general internal appearance of the block

The

. upo n being

cracked open looked favorable for further seeding to be
tried with Zr 0 2

In the 200 mesh particle size range*

C. Pis w a s Ion of Point Count Data
As previously mentioned the composition of "the casting
determined by petrographic modal analysis is simply a matter
of geometrical probability (see p* 31)*

It is necessary,

however, in considering this method for quantitative chemi
cal analysis to know the composition of the phases present*
Foreign matter entrapped as impurities at growing crystal
boundaries or entering into crystalline solution with the
major phase in question will cause deviations to arise in
the tabulation of bulk composition*

Some intergrowths are

not resolvable at microscopic magnifications normally used
-

for point counting*

* i

This will give values that are exces

sive for the host phase when it is counted as a homogeneous
entity*

It is necessary, then, in this study to use the

method in a semiquantitative way*
The rapidity of crystallization may deplete the system
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TABLE

3

Data Obtained from Point Count Method
Series FC1*
FC1-1C*

Total Counts

A

B

C

D

E

Corundum

763

731

666

581

768

A

-

1000

Zirconia

12

49

94

52

18

B

-

1000

220

207

207

359

212

C

-

1000

5

13

13

8

2

D

-

1000

10001 1000

1000

1000

E

-

1000

Glass
Pore

1000
FCl- 2C

Total Counts
A

B

c

D

E

Corundum

664

693

671

708

609

A

-

1000

Zirconia

48

77

68

7

159

B

-

1034

282

224

245

282

229

0

-

1000

6

6

15

3

3

D

-

1000

1000

1000

1000

1000

1000

E

-

754

Glass
Pore

FCl- 3C

Total Counts
A

B

C

D

E

Corundum

695

676

601

689

730

A

-

1000

Zirconia

3

43

182

88

50

B

-

1050

300

265

199

219

218

C

-

1000

2

16

18

4

2

D

-

924

1000

1000

1000

1000

1000

E

•

Glass
Pore

*

Abbreviation reads
corner core.

1000

Fusion cast series 1, block no. 1,

(X - intermediate core, see p. 27)
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TABLE

3 (cont.)

Series FC3
FC3-1C

A

B

C

D

E

Corundum

695

698

607

599

685

A

-

1000

Zirconia

3

40

177

114

65

B

-

1006

300

268

216

285

249

C

-

645

-

-

2

1

D

-

1010

1000

1000

E

-

1023

Glass
Fore

2
1000
FC3-2C

1000

1000

no• data

FC3-3C

Total Counts
A*

B*

C

D

E

Corundum

706

632

668

A

-

0

Zirconia

9

30

6

B

-

0

285

262

304

C

-

767

-

76

22

D

-

1000

1000

1000

E

-

1000

Glass
Pore

1000

Series FC5
FC5-3X

Total Counts
B

c

Corundum

546

551

A

-

Zirconia

86

34

B

mm

962

Glass

318

263

C

-

881

Pore

50

152

1000

1000

A*
**

*
**

All Zr
in corundum plates, see FC3-1C(A)
Location of shrinkage cavitv

0

53
TABLE

3

(cont.)

Series FC5
FC5- 1C

Total Counts
A

B

C

Corundum

557

614

679

A

-

1000

Zirconia

153

91

52

B

-

1000

Glass

290

290

231

C

-

765

5

38

1000

1000

Pore

1000

FC5- 2C

Total Counts
A

B

C

Corundum

695

607

685

A

-

1000

Zirconia

-

93

36

B

•

813

301

231

277

C

-

1000

4

69

2

1000

1000

1000

Glass
Pore

FC5- 3C

Total Counts
A

B

C

Corundum

557

640

680

A

-

588

Zirconia

102

47

54

B

-

785

Glass

338

237

225

C

-

770

3

76

41

1000

1000

1000

Pore
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of certain components leaving a glassy phase to take up
the other components, e*g*, N a 2 <) 'and

Zirconium, n o r 

mally found in 6 to 8 coordination, may under certain condi
tions, have a coordination number of 4 with oxygen anions*
The possibility of this occurrence would make the tetravalent zirconium ion a glass former*
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The question arises

then on the possibility of zirconium entering the glassy
phase, and if so, the quantity present*
The technique used in point counting ; when the inter
section of the ocular crosshairs fell on the boundary of a
crystalline phase and a glassy phase was to count it as the
glassy phase*

The problem being that during etching that

the surface of the glassy phase would become slightly d e 
pressed below the surface of the polished specimen*

It is

necessary to have the surface of the specimen horizontal
w ith the stage*

Failure to do this will give a slight d i s 

placement of the crosshairs during the re-focusing operation
along the traverse*

It is desirable to keep this re-focusing

at a minimum both for accuracy and conservation of time*
The point counts were made at intercept intervals of
0*145 m m in a straight line*

The distance between these

traverses was maintained constant at 0*5 mm intervals*

This

allowed approximately 1000 and 750 counts to be made on pol
ished specimens made from
ly*

cores and 3/8” cores respective

The magnification tried fo* recognizing phases was both

75x and 150x*

This consisted of a 7*5x ocular with lOx

and 20x objectives*

After several counts the lower power
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combination was selected to finish the study*
for this selection were two-fold*

The reasons

First, the reduction of

time spent on re-focusing as the traverse was being run
was considerable*

Secondly, the re-focusing caused the

intersections of the crosshairs to shift position on the
polished surface*

This gave unequal increments of distance

between points on the horizontal traverse*

The 75x combina

t ion provides ample magnification to determine individual
crystals or growths*

It also was questionable whether

inclusion-like material frequently found should be counted
as individuals (see Fig* 4)*
use of the 150x objective*

It was considered during the
Due to the range in size of the

inclusions, some of which were unresolvable under the 150x,
the decision was to count the host crystal as a homogeneous
material*

The oil immersion technique would probably r e 

solve these individuals at the expense of making the point
method impractical as a rapid quantitative method*
Relative Gra in Size Distribution
A rough approximation of the size of the crystalline
phases were made on selected cores.

The center section of

the corner core was studied in each case (see p. 27).
sults for corundum are as follows:
corundum (mm)
FC1-1C
FC1-2C
FC1-3C
FC5-1C
FC5-2C
FC5-3C

0.24 (max.)
0.24 (max.)
0.24 (max.), 0.1 av.
0.12-0.24
0.06-0.12
0.06-0.12

Re
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The zirconia was fairly constant forming blebs with an
average of 0*03 ran in longest diameter*
The point count data shows an increased number of
pores in central section (c) of the c o m e r cores*

Several

cores show decreased glassy phase toward the center, but
the results lacked consistency*
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V*

CONCLUSIONS AND RECOMMENDATIONS

The results of this preliminary study indicate the
possible course to be followed during further experiments*
tion*

The course to be followed depends o n the product d e 

sired*

A block with essentially no shrinkage cavity was

developed at the expense of induced porosity*

The method

used was seeding with ZrC^ with simultaneous stirring at
a time interval after pouring the melt into a mold*

A

dense block was cast using tabular alumina as the seeding
material*

This block had a highly oriented structure with

a large shrinkage cavity*
The effect of seeding with tabular alumina appears to
allow the system to crystallize in a more restricted tem
perature range*

The effect m a y be due to supersaturation,

and w i t h the addition of seeding material, there is a rapid
isothermal growth stage*

Observations and data obtained

from polished samples found large tabular corundum crystals
w i t h included zirconia and devitrite (glass crystallization)
closer to the central region of the block (see Fig* 5, p* 35)*
This m a y be seen o n p* 52 where data for the FC3 series is
tabulated*

It is seen that considerably less of the zirconia

appears as a primary phase, but instead forms an intergrowth
in the corundum, when the system is nucleated with tabular
alumina*
The intergrowth of o c -alumina and zirconia is desirable
in regard to thermal shock properties*

The similar expansion
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of these two phases, from 20°C to 1000°G, has

been discussed

previously in the section on crystallisation*

Along with

desirable thermal properties the interlocking of the cry s 
talline phases promotes strength to the block*
It is believed a better product could be produced with
further experimentation by working with the same parameters
considered in this investigation:
of nucleating agent*

particle size and amount

Another factor noticed during the

study was the effect of dispersal*

Stirring of the cast

mel t subsequent to seeding with ZrO ^ bad a noted effect,
especially with respect to elimination of the shrinkage
cavity*
It is the opinion of the writer that additives of either
Z r O 2 or tabular A ^ O g

should be in a more restricted particle

size, if it is to be introduced into the mol t e n stream during
the casting operation*

It is thought that the seeding m a t e r 

ial in the size range of 100 mesh-200 mesh, or even more
limited, would produce a better cast block*

In regard to

the amount to be added, it was observed that additions of
3 lbs* (or about 6 weight % ZrC^) and over had detrimental
effects u p o n the casting; the result of overseeding giving
a granular appearance to the block*

It is believed by the

writer that a block of this nature would have a higher e r o 
sion rate*

It is felt that the nucleating agents should be

added in small quantities, e*g*, ranging from 0*5 to 2*0
weight % for ZrC^*
A block seeded with ZrC^ at a critical time after the
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pouring with simultaneous agitation or stirring will have
an induced porosity*

However, even though the erosion rate

will he greater, the total solid portion is also greater as
a result o£ eliminating the shrinkage cavity*

60

BIBLIOGRAPHY
1.

KINGERY, W . D . , Introduction to Ceramics, p. 287-297,
Wiley, New York (1960)

2.

SINNOTT, M.J., The Solid State for Engineers, p. 92103, Wiley, New York (1958)

3.

KINGERY, W . D . , (1960), op. cit., p. 286-7

4.

ibid., p. 292-3

5.

ibid., p, 297

6.

SINNOTT, M.J.

7.

TAMMAN, G., States of Aggregation, transl. by R.F. Mehl,

(1958), op. cit., p. 97

1925.
8.

Van Nostrand, N e w York (1926).

V A N HOOK, A., Crystallisation:

Theory and Practice,

Am. Chem. Soc. Monograph Series, p. 154161 (1961)
9.
10.

ibid., p. 154-161
BENNER, R.D., Method of Producing Fused Refractory and
Abrasive Materials, U.S. Pat. 2,021,221
(Hov* 19, 1935)

11.

BENNER, R.C. Method of Producing Cast Refractory and
Similar Articles

U.S. Pat. 2,048,319

(July 21, 1936)
12.

EASTER, G.J.

Refractory and Method of Making It, U.S.
Pat. 2,154,153

(April 11, 1939)

61
13«

FULCHER, G.S.

Cast Refractory Block and Method of

Producing the Same, U.S* Pat* 2,201,723
(May 21, 1940)
14*

SMYTH, H*T*

Method of Casting Refractory Block, U*S*
Pat* 2,247,318

15*

SMYTH, H.T.

Method of Heat Casting Refractory Blocks,
U.S. Pat*

16*

McMULLEN, J.C.

2,217,674

(Aug. 24, 1943)

Fused Cast Alumina Refractory, U*S* Pat*

2,474,544
17.

(June 24,1941)

(June 28, 1949)

FIELD, T.E. and H.T. SMYTH, U.S* Pat. 2,381,945 (re
ferred to in U*S* Pat* 2,603,914 by same
authors)

18.

FIELD, T.E. and H.T. SMYTH, Method of Producing Cast
Refractories, U.S. Pat. 2,603,914 (July 22,
1952)

19.

BOWEN, N.L. and G.W. GREIG, "The System A l ^ - S i O g ”
7

20.

4

p. 242 (1924)

T0R0P0V, N.A. and F. Ya. GALAKHOV, "New Data for the
System Al20^-Si02n , Academii nauk SSSR,
78

21.

2

p. 299-302 (1951)

BUDNIKOV, P.P., TRESYYATCKIY, S.G. and

KUSHAKON-

SKIY, V.I., "Making the Phase Diagram of the
System

More Precise," Dolady

Academii nauk SSSR, 93
22.

2 , p. 281-3 (1953)

ARAMAKI, S. and R. ROY, "Revised Phase Diagram for the
System Al20^-Si02N , J. Am. Ceram. Soc.,
45

5 , p. 239 (1962)

62
23.

CURTIS, C.E. and H.G. SOWMAN, "Investigation of the
Thermal Dissociation, Reassociation and
Synthesis of Zircon” , 36

24.

VARTENBERG, H.V. and H.J. REUSCH, Z. anorg. u. allgem.
Chem.,

25.

6 , p. 198 (1953)

207, p. 18 (1932)

BUDINKOV, P.P., On the Study of the A l 20 3-Si02-Zr02
Systems* Dalady Akademii nauk SSSR,

106

2 ,

p. 267-270 (1956)
26.

HURLBUT, C.S., Jr.

Dana's Manual of Mineralogy, p.,228

16th ed., Wiley, New York (1956)
27. * SEARLE, A.B. and R.W. GRIMSHAW, The Chemistry and Physics
of Clays and Other Ceramic Materials, 3rd ed.
p. 200*2
28.

FORD, W.E., Dana's Textbook of Mineralogy, 4th ed.,
p. 481

29.

Interscience, N e w York (1959)

Wiley, New York (1958)

LARSEN, E.S. and H. BERMAN, The Microscopic Determina
tion of the Nonopaque Minerals.

USGS Bull.

848, 2nd ed. p. 210, U.S. Gov't. Printing
Office (1934)
30.. GELLER, R.F. and P. YAVORSKY, "Effects of Some Oxide
Additions on the Thermal-Length Changes of
Zirconia," J. Research Nat. Bur. Standards,
35

1 , p. 87-110 (1945).

31.

SEARLE, A.B. and R.W. GRIMSHAW (1959) op. cit., p. 191

32.

DUWEZ, P. and E. LOH "Phase Relations in the System
Zirconia-Thoria," J. Am. Ceram. Soc. 33
9 , p. 274-283 (1950).

63
33.

WEBER, B.C., GARRET, H.J., MAVER, F.A. and M.A. SCHWARTZ
"Observations on the Stabilization of Zircon
ice,"
206

J. Am. Ceram. Soc. 39

6 , p. 197-

(1956).

34.

DUWEZ, P. and E. LOH (1950) op. cit.

35.

GELLER, R.F. and P. YAVORSKY

36.

DUWEZ, P. and E. LOH

37.

DUWEZ, P. and

(1945) op. cit.

(1950) op. cit.

F. ODELL, "Phase Relations in the System

Zirconia-Ceria,"

J* Am. Ceram. Soc. 33

9,

p. 214-2.83 (1950).
38.

CURTIS, C.E., "Development of Zirconia Resistant to
Thermal Shock,"

J. Am. Ceram. Soc. 30

6 ,

p. 180-196 (1947).
39.

WHITTEMORE, O.J. and D.W. MARSHALL, "Fused Stabilized
Zirconia and Refractories,
Sod.
(1958)

35, p. 85-89

J. Am. Ceram.

(1952).

40.

FORD, W.E.

op. cit., p. 617.

41.

CURTIS, C.E. and H.G. SOWMAN (1953)

42.

SEARLE, A.B. and R.W. GRIMSHAW

loc. cit.

(1959), op. cit., p.

108.
43.

ibid.

44.

KINGERY, W.D. (1960), op. cit., p. 151-156.

45.

CAMPBELL, X.E., ed., High Temperature Technology, p.
298-302, Wiley, New York (1956).

46.

ibid

64
47*

ANDERSON, R . L . , wThe Automatic Polishing of Metallographic Specimens.11

In:

Methods of Ketallo-

graphic Specimen Preparation (a Symposium),
ASTM Sp. Tech. Pub!. No. 285, p. 58-77 (1960).
48.

CHAYES, F., Petrographic Modal Analysis, p. 4-6, Wiley,
New York (1956).

49.

ibid., p. 12-15, 35-36.

50.

GLAGOLEV , A .A., ”Quantitative Analysis with the Micro
scope by the Point Count Method” , Eng* Min ♦
J., 135, p. 399

(1934).

51.

KINGERY, W.D. (1960) ops cit., p* 328*

52.

BUCKLEY, H.E.

Crystal Growth, Wiley, New York, p. 259 9

(1951).
53.

KINGERY, W.D. (1960) op. cit., p. 330-31.

54.

MULLEN, J.W., Crystallization, p. 17, Butterworths,
London

55.

(1961).

AUSTIN, B.A. "The Thermal Expansion of Some Refractory
Oxides,”

J. Am. Ceram. Soc., Vol. 14, p. 809

(1931).
56.

PLANJE, T.J.:

Personal Communication, June, 1962, Rolla,

Missouri.
57.

MULLEN, J.W.

1961

58.

LAZL0, Prof.:

op. cit., p. 18.

Personal Communication, former professor

at Fordham Univ*, 1962.

65
APPENDIX
TABLE

I

4

Particle Siae Distribution of ZrOp Nucleating Agent
Between 65 Mesh and 100 Mesh
Mesh Range*

Grams

plus 60

127

60 - 80

94

SO '&:■100

20

100 - 120

126

120 - 140

0

140 - 170

60

170 - 200

24
454

*

U.S. Standard Sieves

TABLE

!

Weights of Fusion Cast Test Blocks
Series
FCl-I

Weight (lbs.)

2

•
m

3

-

FC2-1

109.0

2

103.8

3
FC3-1

110.2

2

104.8

3
FC4-1

105.0

2

103.5

3,

101.75

FC5-1

106.0

101.5

107.0

2

105.75

3

102.5

66

TABLE

6.

The Properties of Raw and Fusion Cast Materials*

baddeleyite

Zr02

e

<0
4 J
«

0)

U
«0

L v>
u
Mono.

•H

J J

>
o at
$ U

•H

a

w

o

0)
(0
2
c

'S
2

i
o at

25 g
'8"?

at,

m

1
J
(0

4 J

CO

«jD

& 2
O

X-Ray Analysis
Three principal lines

f-t

Coloi

o >>
- i

Inference
figure

10
O tI
eu
£*4
0 (A
O

Bire
fringence

Optical Properties

d in A°;

I„ relative intensity

Tabular

None

3.16

100 2.84

Angular

65 2.62 20

Hex-R. 4.03

9

1.77 3.008 0-neg.

None

2.55

diaspore

A10(0H)

Ortho,

3.4

7

1.75 3.048 B-pos. Prismatic None

3.99

100 2.32

ZrSi04

Tetra.

4.5 7.5 1.93 3.053 J-p08 » Prismatic None

3.30

100 4.43 100 2.52 75

Kullite

*

Note:

3A1

2°3*2Si02

Ortho. 3.03 7.5 1.65 3.012 B-pos. Needles

None

3..42

©.

Zircon

O '

* L - A l 2C 3

cvs
o
o

corundum*

H

5.7 6.5 2.20 0.070 B-neg.

2.21

100 1.60 90
56 2.13 52

1.53

Corundum (synthetic) differs from corundum (<?C-A1?0^> by diffraction peaks being 2.09100

2.5590
1.6080
1.

Taken in part from SEARE, A.B. and R. W. GRIMSHAW (1959) op. cit.
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